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In situ potential mapping of space charge (SC) layer in a single GaN nanowire (NW) contacted to the Au
metal electrode has been conducted using off-axis electron holography in order to study the space
distribution of SC layer under electric biases. Based on the phase image reconstructed from the complex
hologram the electrostatic potential at the SC layer was clearly revealed; the SC width was estimated to
be about 76 nm under zero bias condition. In order to study dynamic interrelation between the SC layer
and bias conditions, the variation of the electrostatic potential due to change of the SC widths respond to
the different bias conditions have also been examined. The measured SC layers are found to vary between
68 nm and 91 nm, which correspond to the saturated SC layers at the GaN-Au contact under the forward
and reverse bias conditions, respectively. By plotting the square widths of the SC layer against the applied
voltages, donor density of GaN NWs was derived to be about 4.3*106 cm3. Our experiments demon-
strate that in-situ electron holography under electric ﬁeld can be a useful method to investigate SC layers
and donor density in single NW and other heterostructures.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Presence of space charge (SC) layers in semiconductors is a
common phenomenon in a heterojunction where two semi-
conductor materials with different band gaps are intimately con-
tacted [1]. In this heterojunction, due to the demand of band
alignment, free electrons in one material with higher Fermi energy
migrated into the adjacent material until their Fermi levels allied
at the same energy, resulting in the oppositely charges at two sides
of heterostructure interface, that is the SC layer. Metal–semi-
conductor (M–S) contact is a special heterojunction where the SC
layer only exists at the semiconductor side. Such a single SC layer
can cause an extra electrostatic potential step in the semi-
conductor at the local area close to the junction and inﬂuence the
current through the M–S junction. If the SC layer was positively
charged, the electrical resistance for current ﬂowing through the
M–S junction will be obviously increased, resulting in a pro-
nounced Schottky barrier behavior of the junction [2]. In this case,y. Production and hosting by Elsev
als Research Society.the M–S contact itself has a function of rectiﬁcation and amplying
electrical signals (similar as a junction diode) resulting from a
Schottky barrier associated with the SC layer. On the other hand,
the low electrical resistance will be encountered when the SC layer
was negatively charged, leading to Ohmic junction behavior of the
M–S contact. In fact, most of the electronic devices such as light-
emitting diodes (LEDs) [3], bipolar junction transistors (BJTs) [4],
ﬁeld-effect transistors (FETs) [5], and variable capacitance diodes
(VCDs) [6], avalanche photodiodes (APDs) [7] and most other
semiconductor devices depend primarily on the unusual behavior
of the hetero-junction between two semiconductors or semi-
conductor and metal.
Since M–S junction is not omissible for both the microelec-
tronic and nanoelectronic devices where M–S contacts associated
with either the Schottky barrier or Ohmic behavior depending on
the functional requirements [8], measurement of the SC layer plays
a non-trivial role in the design improvement as well as perfor-
mance enhancement of electronic devices. Specially, continuous
performance enhancement of electronic devices heavily relies on
miniaturization of the devices, leading to nanoscale hetero-junc-
tions. As a result, high space-resolution characterization of mi-
crostructure and physical properties of SC layers become vitally
critical for nanoelectronic development.ier B.V. This is an open access article under the CC BY-NC-ND license
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capacitance measurement [2,9], photocurrent and photoacoustic
methods [10], and capacitance–voltage (C–V) measurements [11].
However, these methods for SC layer measurement can only be
carried at a scale of tens of micron. The SC layer in a single
semiconductor nanowire (NW) at M–S contact can not be mea-
sured by these measurement techniques. In addition, the above
mentioned methods based on the charges separated by electrical
ﬁeld due to presence of SC layer are only sensitive to the electron-
depletion-induced electrostatic potential in semiconductor, i.e.
Schottky barrier, at M–S junction. Information of the SC layer in
the semiconductor at the Ohmic M–S contact can not be obtained
by these methods. At present, there is still lack of investigation on
direct measurement of the SC layer. The visible picture of the real
SC layer at the M–S contact made of a single semiconductor NW is
highly desirable for improvement of the junction behavior as well
as performance of nanoelectronics. Especially, direct measurement
of dynamical response of the SC layer to the applied biases will be
important for improvement of construction and reliability of M–S
junction.
Off-axis electron holograph (EH) [12,13] based on transmission
electron microscopy (TEM) offers a promising way to reveal details
of the electrostatic potential associated with the space charge
distribution in materials. Here, we selected GaN NWs as a model
system to visualize the SC layer in a single GaN NW contacted to
Au metal and investigate its dynamic developments under applied
biases by in situ off-axis EH. Ten GaN NWs with different radii
were measured; the reproductive experimental phenomena were
conﬁrmed. We revealed that the SC layer can be directly de-
termined in the phase image derived from the reconstructed ho-
logram. The detected SC layer was found to vary more than 30%
when the M–S contact was under reversed bias condition. Based
on the measured SC layers, the donor density of GaN NW was also
calculated to be about 4.3*106 cm3. Our experiments demon-
strate that in-situ electron holography under electric ﬁeld can be a
useful method to investigate SC layers and donor density in single
NW and other heterostructures.2. Experimental
GaN NWs were synthesized by thermal chemical vapor de-
position (CVD) method [14]. Ga2O3 powder was used as a gallium
source and positioned at the center of a quartz tube that was in-
serted in a horizontal tube furnace. Si substrates coated with
mono-dispersed gold clusters of well-deﬁned diameters were
placed at downstream of the furnace for collecting growthFig. 1. (a) The typical low-magniﬁcation bright ﬁeld TEM image of a single GaN NW with
variation along the NW. The perfect lattice fringes can be seen in the corresponding hi
spectrum shown in (c) except oxidation at the surface.products. In order to reduce the concentration of oxygen in the
system, the quartz tube was pumped by mechanical vacuum pump
and molecular pump respectively until the vacuum of 5*103 Pa
was achieved. Then pure Ar gas was ﬂowed into the quartz tube at
30 standard cubic centimeters per minute (sccm) until the pres-
sure of the quartz became the atmospheric pressure. The Ga
source was heated to 1000 °C and the reaction was carried out by
ﬂowing NH3 at 100 sccm and the Ar ﬂow up to 100 sccm. The
temperature was elevated to 1100 °C, and the system was kept at
this temperature for 2 h. Growth of the GaN NWs follows the well-
known vapor–liquid–solid (VLS) model. According to this growth
mechanism, the thermally generated Ga vapor ﬁrst alloyed with
the gold clusters and as the Ga vapor continually absorbed into the
gold clusters the Au/Ga alloy was supersaturated, leading to ex-
solution of Ga which reacted with NH3 to form GaN NW. The
temperature was reduced back to 1000 °C after two hours and the
NH3 ﬂow was switched off and meanwhile the Ar ﬂow was ad-
justed down to 30 sccm. Finally, the furnace was allowed to cool to
room temperature by switching off the electrical power supply.
In situ off-axis EH experiments were performed in a TEM
(Model: Tecnai-F20 FEI Ltd.) with a ﬁeld-emission gun operated at
an accelerating voltage of 200 kV. The holograms were acquired
with a multi-scan charge-coupled device (CCD) camera (Model:
794 Gatan Inc.). Reconstruction of the amplitude contrast and
phase contrast images were performed by the Holowork package
installed in Digital Micrograph software supplied by Gatan Inc. To
acquire high quality EH holograms the objective aperture was
removed during TEM experiment. Meanwhile, the examined single
NW was also deliberately tilted away from the exact zone-axis
orientation in order to minimize the dynamical diffraction effect of
the electron beam passing through the GaN NW on formation of
the holograms.3. Results and discussion
3.1. Off-axis EH examination of SC layer at the unbiased M–S contact
Before measurement of the SC layer in the GaN NW using EH
technique [12,13], the morphology of a typical GaN NW was ex-
amined by TEM. Fig. 1(a) and (b) are the typical bright ﬁeld TEM
images of a single GaN NW and the corresponding high resolution
TEM image, respectively, demonstrating the high quality of na-
nowires with rare defects. Electron diffraction pattern of the GaN
NW taken along [100] direction is inserted in the top right corner
of Fig. 1(a). The contrast variation along the single NW is clear in
Fig. 1(a). Usually, such band-like contrast change in a singlethe electron diffraction pattern inserted at the right top corner shows the contrast
gh resolution TEM image shown in (b). Purity of GaN NW is conﬁrmed by an EDS
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tion TEM images were used to detect the defects present in the
NW, but the observed lattice fringes are perfect as conﬁrmed by
high resolution TEM image shown in Fig. 1(b) and no structure
defects have been found. Compositional analysis of the NW was
also carried out and the result is shown in Fig. 1(c), where the
recorded peaks of Ga and N elements are very strong and highly
dominated the EDS spectrum of the NW. A minor peak of O ele-
ment also presents in the EDS spectrum and may be due to ex-
istence of little gallium oxides in GaN NW. However, the electron
diffraction and high resolution TEM images have not shown co-
existence of such crystal oxides with GaN inside NW. In fact, the
oxygen was always found to presents in the EDS spectra of GaN
NW and, therefore, the O peak most possibly results from the
slight oxidation at the surface of GaN NW as reported in literatures
[15].
Individual isolated NWs freely standing on the Au wire were
selected to be touched at its end out of the Au wire by an Au tip
under TEM inspection, in order to construct an M–S contact and
through which a good electrical connection between the semi-
conductor NW and Au metal was realized. Consequently, an elec-
trical circuit consisting of two electrodes and a single GaN NW
formed. Since the semiconductor GaN NW and Au metal have
different band structure, the charge transport must happen be-
tween the GaN semiconductor and Au metal [16] and the SC layer
formed in the GaN NW. In order to detect the SC layer in the GaN
NW, EH technique was used to map the electrostatic potential in
GaN NW close to the M–S junction. Fig. 2(a) is a hologram taken at
the GaN NW near M–S junction. The spacial resolution of the ho-
logram depends on the distance between the neighboring inter-
ference fringes and the resolution in real space in the Fig. 1(a) is
about 1 nm. The hologram is a complex image consisting of the
amplitude and phase of the exited electron wave carrying in-
formation of GaN NW. Because the electrostatic potential can
distort the wave front of the electron wave penetrating through
the semiconductor, the phase image here can reﬂect the electro-
static potential associated with the SC layer. Reconstruction of the
hologram was carried out using the Holowork package and the
corresponding phase image separated from the reconstructed
complex images is shown in Fig. 2(b). The brightness of the phase
image is proportional to the phase of the electron wave pene-
trating through the GaN NW, i.e. the object wave. Although the
contrast variation in GaN NW is not very clear in Fig. 2(b), but
signiﬁcant difference of the phase proﬁle along the GaN NW can
be seen in Fig. 2(c).
The phase of the object wave is proportional to the quantity ofFig. 2. (a) Hologram of a GaN nanowire taken at the M–S junction at zero bias condit
corresponding phase diagram is reconstructed based on the hologram shown in (a). (c) A
(b) shows the phase variation in the NW near the M–S junction. Red and black lines archarge in the way that object wave passing through. Depending on
the sign of the charged carrier, the phase of the object wave can
increase or decrease. For the positively charged object, the phase is
increased after the object wave passed through the object. In
contrast, the phase is delayed when the object wave passed
through the negatively charged object. Consequently, the positive
and negative charges have opposite effect for the phase of the
object wave. On the other hand, because mean inner potential of
the material modulates the phase of object wave when electron
wave passing through object, the phase of the object wave is also
proportional to the thickness that the object wave passing through
the GaN NW and thus the brightness increases as the increase of
the thickness of the NW. As a result, there are two important
factors, i.e. the charge and thickness that signiﬁcantly affect the
phase of the object wave. The phase due to affection of these two
factors can be examined only if their affections on the phase of the
object wave can be distinguished completely.
Usually, the effect of both the charge and thickness on the
phase of the object wave is coupled with each other, leading to
indistinguishable affection of these two factors on the phase of the
object wave. However, the effect of the charge can be examined if
the phase proﬁle of the ﬂat sample that whole sample has the
same thickness shows the phase variation. In this case, the extra
phase appearing in the phase proﬁle can be ascribed to presence of
the charge in the local areas of the sample. Consequently, in the
special case of GaN NW the localized SC layer can be also identi-
ﬁed. Because effect of the charge can only be identiﬁed for the ﬂat
sample, NW with the unique morphology is obviously not coin-
cident with the ﬂat situation. Although the thickness of a NW
varies very rapidly along the radial direction, it can be easily de-
tected that the thickness is same along the line parallel to the axis
direction depending on the morphology of NW. Therefore, the SC
layer in a GaN NW contacted to Au metal can be examined by
checking the phase proﬁle along the axial direction of the NW near
the M–S contact; a width of SC layer of 76 nm was identiﬁed.
Fig. 2(c) is the phase proﬁle extracted along the axial direction
indicated by red dashed line in Fig. 2(b), showing the obvious
phase variation. The phase value is detected to be high at the
position close to the M–S contact and to decrease gradually as the
position apart away from the M–S contact. The phase value begins
to become nearly constant at the position about 76 nm away from
the M–S contact as indicated by green arrow. Since the phase
variation is resulted from presence of the charge at the M–S con-
tact, the detected phase distribution can be directly related to the
charge distribution in the GaN NW. Based on the basic character-
istics of the extracted phase proﬁle at the M–S contact, theion, Au tip exhibits a darker contrast at the upper left corner of the NW. (b) The
line phase proﬁle extracted along the axis direction indicated by red dashed line in
e used as eye-guiders for the variation of phase.
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the free electrons in the GaN NW leaked out when it contacted to
Au metal of a sufﬁciently high work function. Even if the electron
density inside the Au metal is much higher than in the semi-
conductor, the energy level of free electrons in the semiconductor
are higher than Fermi level of Au and, as a result, free electron leak
out into the adjacent metal [1], leading to the electron density
close to the M–S interface reduced below its equilibrium bulk
value. Although the total M–S junction is electrically neutral, the
neutrality condition is not fulﬁlled within the GaN semiconductor
because the compensating charges of the GaN semiconductor are
located on the surface of the adjacent Au metal electrode. In this
case, the effective SC can be represented by a single layer within
the NW of the GaN semiconductor, and due to electron depletion
in this SC layer the electron density rapidly decreases to a relative
small value compared to the donor density in the GaN NW, re-
sulting in the creation of a positive SC layer within the semi-
conductor near the Au metal contact. The electrostatic potential
due to the SC layer at the M–S junction results in a Schottky barrier
which leads to high resistance for the current across the junction.
Based on the essential characteristics of the extracted phase proﬁle
at this M–S contact, the space scale of the Schottky barrier de-
tected in this study is about 76 nm. It should be pointed out that a
measurement error in the reconstructed phase image is double
distance of the neighboring interference fringes in the hologram
and, therefore, the error bar of the measured space charge layer in
Fig. 2(c) is about 2 nm.
The effect of the SC layer on the local band structure of GaN
semiconductor near M–S junction can be explained by Fig. 3. Be-
fore construction of M–S junction, as shown in Fig. 3(a), the GaN
semiconductor and Au are all neutral and their band structure can
be respectively described by Fermi level EF, work function of Au
φM, valence-band edge EV, conduction-band edge EC, work func-
tion of GaN φS and energy from conduction band bottom to va-
cuum level Χs. After formation of the M–S junction, as shown in
Fig. 3(b), presence of a positively charged layer in GaN semi-
conductor close to the GaN–Au junction can cause EC and EV bent
upward simultaneously. Depending on the distance of this SC layer
from the metal electrode where the compensating charges are
located, both the valence- and conduction-band edge increase in a
manner similar to the parabolic shape with respect to the Au metal
in the region of the potential-ramp and then linearly in the ad-
jacent space charge-free region toward the Au electrode. As a re-
sult of the band edge bending up right at the junction, the energy
barrier rises for electrons transport across the M–S junction. It is
known from Fig. 3(b) that there is an energy barrier height of φM–
φS for the conduction electrons ﬂowing from GaN to Au. However,
the energy barrier height increases to φM–Χs when the free elec-
trons ﬂowing from Au to GaN. Such a band structure variation
caused by the SC layer is referred to as the Schottky barrier. The
potential barrier at the M–S junction can prevent the metal elec-
trons leaking out into the semiconductor. The asymmetricalFig. 3. Schematic diagrams show formation of SC layer in a GaN NW contacted to
Au metal. The band diagrams of Au and GaN NW respectively before the GaN NW
contacted to Au (a) and after the GaN NW electrically connected to Au (b).energy barriers for the electron transport across the M–S junction
will result in the asymmetrical behavior in current with regard to
the applied bias voltages, yielding the typical characteristics of
Schottky contact.
3.2. Off-axis EH examination of SC layer at the biased M–S contact
At M–S junction leakage of free electrons in the semiconductor
into the adjacent metal is controlled by Fermi level of the metal.
When a bias applied to the metal, Fermi level of the metal will be
allied with the applied bias. Because Fermi level of the metal can
be adjusted by the bias applied on the metal, the SC layer induced
by the M–S boundary can be changed by an applied bias. Conse-
quently, scale of the SC layer is indeed the bias-adjustable and
bias-controllable. According to the electron depletion theory
which is valid only if the total length of the NW is much longer
than the electron depletion length associated with the Schottky
barrier [1,17], the length of the SC layer can be estimated by a
following formula given by Sze [8],
( )ε ε φ ζ= − −
( )
L
q V
qN
2 /
1
S b
d
0
where Φb is the effective Schottky barrier height, q is the magni-
tude of electronic charge, ζ is the image force, Nd is the donor
density at the metal-semiconductor interface, εs and ε0 are relative
permittivity of the semiconductor NW and of free space respec-
tively, V is the bias voltage and the sign of V is positive for forward
bias and negative for reverse bias. Based on the SC layer detected
in Fig. 2, the length of the GaN NW is much longer than the
electron depletion length. Therefore, behavior of the SC layer un-
der an applied bias can be predicted according to the electron
depletion theory. It can be known from the Eq. (1) that the elec-
tron depletion length can be changed by the applied bias voltages.
The electron depletion length will be obviously increased if the M–
S contact is reversely biased when a negative bias voltage was
applied to the metal of M–S contact. In contrary, the electron de-
pletion length will be signiﬁcantly reduced when the M–S is for-
ward biased if a positive bias voltage was applied to the metal.
Here, we ﬁrstly applied the negative voltage to the Au metal.
Width variation of the SC layer under different bias voltages (from
1 V to 20 V) was investigated by in situ EH.
Fig. 4(a) is a hologram taken at a bias voltage of 10 V applied
to the Au metal and Fig. 4(b) is the corresponding phase image
reconstructed from the Fig. 4(a). The SC layer is examined based on
the phase proﬁle extracted from Fig. 4(b) to be about 91 nm as
shown in Fig. 4(c). Obviously, the negative bias voltage applied to
the Au metal makes the SC layer to extend in the GaN NW, com-
pared to the electron depletion length under zero bias condition.
The experimental results conﬁrm that change of the electron de-
pletion length shown in Fig. 4(c) coincides to the electron deple-
tion theory. The electron depletion length did not extend further
even if the bias voltages higher than 10 V were applied. As a
result, the SC layer in the GaN NW becomes saturated at a negative
bias voltage of 10 V. The maximum increment of the SC layer
was examined in this study to be 15 nm, i.e. increase of the SC
layer is about 19% of the original value of the SC layer under zero
bias condition.
In order for comparison with the reverse bias condition, the SC
layer was also measured using in situ EH under the forward bias
condition. In this case, the positive voltages were applied to the Au
metal. Fig. 5(a) is a hologram taken at the condition of a voltage of
5 V applied to Au metal and the corresponding phase image was
reconstructed and shown in Fig. 5(b). The SC layer width was
measured by the extracting phase proﬁle shown in Fig. 5(c) and
indicated by the arrow. The examined length of the SC layer is
Fig. 4. (a) The hologram of GaN NW taken in situ at the M–S junction when 10 V bias voltage was applied the Au metal; the contrast distribution is similar to the hologram
shown in Fig. 3(a). (b) The corresponding phase diagram is reconstructed from (a). (c) Line phase proﬁle extracted along the axis direction indicated by red dashed line in
Fig. 4(b) shows effect of the bias voltage on the potential variation near the M–S junction.
Fig. 5. (a) Hologram of a GaN NW taken in situ at the M–S junction when 5 V bias voltage applied to Au metal shows effect of the bias voltage on SC layer in the NW. (b) The
corresponding phase diagram is reconstructed from (a). (c) A line phase proﬁle extracted along the axis direction indicated by red dashed line in (b) shows reduction of the
SC layer.
Table 1
Detected lengths of the SC layers in a single GaN NW under the different bias
voltages applied to Au metal.
Bias (V) 20 10 5 0 5 10
Length (nm) 9172 9172 8072 7672 6872 6872
Fig. 6. Line plot of the length square L2 versus the bias voltages.
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measured at zero bias. Further increasing bias voltage the mea-
sured length of SC layer did not change any more. Therefore, the
saturated electron depletion length under positive bias was mea-
sured in this study to be about 68 nm, i.e. decrease of the SC layer
is about 11% of the original value of the SC layer under zero bias
condition. The electron depletion lengths determined under dif-
ferent bias voltages are summarized in Table 1. It should be
pointed out that difference of the electron depletion lengths
measured under both the positive and negative voltages in this
study is not as large as simulation of Bi2S3 NW in literature [18].
The reason may be resulting from that the GaN and Bi2S3 NWs
have quite different electrical properties such as electronic struc-
tures, Schottky barriers at the M–S contact and permittivities. Total
ten NWs have been measured by EH in this study, the similar re-
sults were obtained. Although there is a little difference in the
examined SC layers due to the different diameters of the NWs, the
same trend has been observed. Our reproducible results conﬁrm
that the in situ EH is an effective method to examine the SC layer
in semiconductor NW contacted to the metal electrode.3.3. Extraction of doping concentration
According to the Eq. (1), material properties such as permit-
tivity and doping concentration also affect the electron depletion
length in the M–S junction. It is easy to ﬁnd from Eq. (1) that there
is a linear relationship between the squared depletion length and
the applied bias voltages. The line plot of length square L2 versus
bias voltage V has a slope equal to α = − ε ε
qN
2 S
d
0 . Because the Eq. (1)
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depletion length, only the values of the SC layer width between
the two saturated lengths and the corresponding bias voltages can
be used to draw the line plot.
The plot of L2 versus V is shown in Fig. 6 and the slope α
measured from this Figure is about 2.29*1016 (m2 V1). Since
the estimated slope of the plotted line has close relation to the
reciprocal of donor density, the donor density Nd can be easily
obtained by equation = − ε εαNd q
2 S 0 . Consequently, Nd can be esti-
mated by putting values of q, εS and ε0 into this equation. Finally,
the calculated donor density is 4.3*106 cm3. Based on Eq. (1), the
depletion length deceases with decreasing permittivity or in-
creasing doping concentration, and thus this is because an in-
crease in the voltage drops on the barrier results in a decrease in
depletion length. Therefore, the basic properties of semi-
conductors signiﬁcantly affect the depletion length of the biased
M–S contact. In fact, the semiconductors with lower permittivity
and higher doping concentration will have shorter depletion
length.
It should be pointed out that the typical characteristics of M–S
junction will be modiﬁed by oxidation at the surface of GaN NW
since the oxide with larger band gap than GaN behaviors like an
insulator to some extent. Although the oxide is very thin, the
presence of the oxide between the metal and semiconductor
makes the M–S junction to be similar as the metal–insulator–
semiconductor (M–I–S) junction which also is of essential im-
portance in semiconductor devices. Principally, the M–I–S junction
can be divided as a metal–insulator (M–I) junction and an in-
sulator–semiconductor (I–S) junction arranged in series. For the
M–I–S junction, Fermi levels of a metal, an insulator, and a semi-
conductor are in alliance at the same energy. Similar to the M–S
junction, the conduction band edge of the insulator is also bent
upward with respect to metal even though the magnitude is very
small since the insulator only contains a few free electrons. Thus,
there are the potential barriers for electron transport at these two
junctions respectively. In this case, the energy barrier for electrons
transport from the GaN semiconductor into the Au metal electrode
should be calculated from the conduction band bottom to the apex
of the conduction band edge of the insulator, while the barrier for
electrons transport from the Au metal electrode into the GaN
semiconductor equals the energy difference between the apex of
the conduction band edge of the insulator and Fermi level of the
Au metal. In the M–S junction, Schottky barrier height φM–Χs is a
constant value, while in the M–I–S junction the energy barriers for
electron transport are not the constant and vary depending on the
applied bias conditions. Compared to the M–S junction, correlation
of the band structures of the metal and the semiconductor is
weakened by the oxide layer between the Au metal and GaN
semiconductor. Therefore, the bias-induced shift of the SC layer in
semiconductor at the M–I–S junction must be smaller than at the
M–S junction. It is also true that the bias-induced shift of the SC
layer will be further reduced as increase of thickness of the surface
oxide layer.4. Conclusion
In summary, the SC layer in a single GaN NW contacted to Au
metal electrode has been estimated based on in situ off-axis EH
under electric ﬁeld. The experimental results have conﬁrmed
variation of the SC layer under the positive and negative bias
voltages, respectively. The smallest and largest saturated widths of
SC layers were examined to be 68 nm and 91 nm. Based on the
estimated widths of the SC layer and the corresponding bias vol-
tages, donor density of the GaN NW was deduced according to the
electron depletion theory related to width of the SC layer and the
bias voltage. The calculated value of the donor density is about
4.3*106 cm3. From this study it can be concluded that in situ off-
axis EH technique is an effective method for determination of the
SC layers in semiconductor at M–S junction, no matter what
Schottky contact due to the electron depletion in semiconductor
and/or Ohmic contact due to the electron-accumulation in semi-
conductor, and other hetero-junctions.Acknowledgments
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